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Abstract Porous microspheres of glycidyl methacry-
late(GMA) cross-linked with trimethylolpropane trimeth-
acrylate (TRIM) were prepared with toluene as porogen by
suspension–emulsion polymerization. In order to obtain
adsorbents bearing functional groups, the porous methac-
rylate network was modified by subsequent reaction with
pyrrolidone. The thermal behavior of the obtained material
was studied using TG and DSC. It was found that the
process of modification considerably changed the textural
and thermal properties of the polymers.
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FDT Temperature of final decomposition/C
IDT Initial decomposition temperature/C
P Pyrrolidone
SBET Specific surface area/m
2g-1
T1max Temperature of the first maximum rate of
mass loss/C
T2max Temperature of the second maximum rate
of mass loss/C
T20% Temperature of 20 % mass loss/C
T50% Temperature of 50 % mass loss/C
TRIM–
GMA1
The parent copolymer, molar ratio of
trimethylolpropane trimethacrylate to
glycidyl methacrylate equal 1:1
TRIM–
GMA2
The parent copolymer, molar ratio of
trimethylolpropane trimethacrylate to
glycidyl methacrylate equal 1:2
TRIM–
GMA3
The parent copolymer, molar ratio of
trimethylolpropane trimethacrylate to
glycidyl methacrylate equal 1:3
TRIM–
GMA4
The parent copolymer, molar ratio of
trimethylolpropane trimethacrylate to
glycidyl methacrylate equal 1:4
TRIM–
GMA5
The parent copolymer, molar ratio of
trimethylolpropane trimethacrylate to
glycidyl methacrylate equal 1:5
TRIM–
GMA1 ? P
The copolymer modified with pyrrolidone,
molar ratio of trimethylolpropane
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Introduction
Porous polymers possess a number of distinguishing prop-
erties like highly developed internal structure, hydrophobic/
hydrophilic character, and the presence of various functional
groups on the surface. These features make them very
attractive from scientific and industrial point of view. Con-
sequently, porous polymers are subject of many scientific
investigations and have attracted the attention of producers.
They are used as effective materials for many separation
processes and various kinds of sorbents [1–9]. They can be
obtained from numerous types of monomers as well as by
modification of copolymers that contain reactive groups
[10–18]. One of the convenient routes to incorporate new
functional group into polymer matrix is ring-opening
reaction of oxirane ring with required agent. Widespread
practice is reaction of epoxy group with amines [19–22].
This process leads not only to the introduction of the
active pendant group to the network but also to the changes
in the textural and thermal properties of the newly obtained
materials.
Recently, we have described the synthesis and some
properties of porous microspheres of glycidyl methacrylate
(GMA) cross-linked with trimethylolpropane trimethacry-
late (TRIM) modified with pyrrolidone [23].
It was of interest to investigate in detail, how the process
of modification influences the thermal resistance of the
newly formed copolymers. To achieve this goal, a set of ten
copolymers was synthesized. The thermal properties of the
parent and modified copolymers were evaluated by the
means of TG and DSC. Additionally, the textural charac-
terization was carried out on the basis of the low-temper-
ature nitrogen adsorption on the studied copolymers.
Experimental
Chemicals
2,3-Epoxypropyl methacrylate (GMA) and TRIM (Sigma
Aldrich, Steinheim, Germany) were washed with 5 %
aqueous sodium hydroxide in order to remove inhibitors.
Pyrrolidone bis(2-ethylhexyl) sulfosuccinate sodium salt
(DAC,BP) and a,a0-azoisobutyronitrile (AIBN), purchased
from Fluka AG (Buchs, Switzerland), were used without
purification. Toluene, n-dodecane, acetone, and methanol
(reagent grade) were from POCh (Gliwice, Poland).
Preparation of the GMA–TRIM microspheres
Copolymerization was performed in an aqueous suspension
medium. In a typical experiment, 195 mL of distilled water
and 2.2 g of bis(2-ethylhexyl)sulfosuccinate sodium salt
were stirred for 2 h at 80 C in order to dissolve the sur-
factant. Then the solution containing 15 g of monomers
(GMA and TRIM), and 0.2 g of a,a0-azoisobutyronitrile
dissolved in 22.5 mL of toluene was prepared and added
while stirring to the aqueous medium. Molar ratios of
GMA to TRIM were changed from 1:1 to 5:1. Copoly-
merization was performed for 20 h at 80 C. Porous beads
formed in this process were filtered off, and an extensive
cleaning procedure was applied in order to remove the
diluent unreacted monomers and physically adsorbed sta-
bilizer. The cleaning process was as follows: the micro-
spheres were separated from the aqueous phase by filtration
of the polymerization mixture by 5-lm filter papers. The
microspheres were first washed with water, and the poly-
meric aggregates were removed by sieving. The micro-
spheres were dispersed in water, and the dispersion was
sonificated for 0.5 h in an ultrasonic bath. Next, the water
phase was removed, and the microspheres were resus-
pended in methyl alcohol. This dispersion was sonificated
for 1 h. Methyl alcohol was removed, and the microspheres
were transferred into toluene and were kept there by stir-
ring about 0.5 h. Then, the toluene was removed, and
microspheres were stirred with methyl alcohol for about
0.5 h. Methyl alcohol was removed, and the microspheres
were washed with distilled water, filtered, and dried in
vacuum oven at 65 for 48 h.
Modification of the epoxy groups
The epoxy groups present in the copolymer were modified
during the reaction with pyrrolidone. The procedure was as
follows: in a 250 cm3 round-bottomed two-necked flask
equipped with a mechanical stirrer and a thermometer,
10 g of selected beads was placed together with the excess
of pyrrolidone and left for 24 h to swell. Then the whole
content was heated at 150 C for 8 h. The obtained mod-
ified beads were washed with distilled water, filtered off,
and cleaned as described above.
Methods of analysis
Textural characterization of the copolymers was carried out
by the low-temperature nitrogen adsorption–desorption
method. Nitrogen adsorption–desorption isotherms were
obtained at the liquid nitrogen temperature using a volu-
metric adsorption analyzer ASAP 2405 (Micromeritics
Inc., USA). The measurements of the porous structure of
the copolymers were preceded by outgassing of the sam-
ples at 140 C for 2 h. The specific surface area of the
investigated samples was calculated by the Brunauer–
Emmet–Teller (BET) method for the adsorption data in the
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range of a relative pressure p/po 0.05–0.25. The total pore
volume was estimated from a single point adsorption at a
relative pressure of 0.985. The pore size was obtained from
the desorption branch of the isotherm using the Barrett–
Joyner–Halenda (BJH) procedure.
The surface of the obtained beads was also examined
using an atomic LEO 1430 VP numerical scanning electron
microscope (Germany) with a countershaft and an energy
dispersive X-ray detector.
The thermal properties of the synthesized composites were
evaluated on the basis of TG and DSC measurements per-
formed using the STA449, F1 Jupiter analyzer from Netzsch
(Gu¨nzbung, Germany). The procedure was as follows: about
10 mg of the sample was placed in the TG pan and heated in
helium or in air atmosphere at a rate of 10 Kmin-1 up to
1,000 C with the sample mass about 10 mg. The initial
decomposition temperature (IDT), T20%, T50% of mass loss,
and final decomposition temperature (FDT) were determined.
Results and discussion
Porous copolymers of poly(TRIM–GMA) used in this
study were synthesized through suspension–emulsion
copolymerization in the form of regular microspheres
(Fig. 1).
During the synthesis, TRIM served as a cross-linker and
was responsible for the mechanical and thermal properties
of the resulting polymeric matrix. GMA provided reactive
epoxy groups that were modified by subsequent reaction
with pyrrolidone (Fig. 2).
The molar ratio of the functional monomer to the cross-
linker was increased from 1:1(TRIM–GMA1, TRIM–
GMA1 ? P) to 1:5 (TRIM–GMA5, TRIM–GMA5 ? P).
As a result, a set of ten various copolymers was obtained.
They differ considerably in terms of parameters of porous
structure as well as thermal resistance. The properties of





























TRIM–GMA1 333 0.694 190
TRIM–GMA1 ? P 242 0.485 112
TRIM–GMA2 182 0.665 250
TRIM–GMA2 ? P 168 0.544 170
TRIM–GMA3 99 0.405 312
TRIM–GMA3 ? P 47 0.225 290
TRIM–GMA4 90 0.537 380
TRIM–GMA4 ? P 46 0.231 180
TRIM–GMA5 86 0.461 390
TRIM–GMA5 ? P 20 0.100 190
Table 2 Parameters evaluated from TG and DTG curves of the













TRIM–GMA1 219 298 354 487 328 458
TRIM–GMA2 213 284 332 488 324 456
TRIM–GMA3 211 266 315 480 298 454
TRIM–GMA4 212 262 311 480 296 453
TRIM–GMA5 203 264 319 481 296 418
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the obtained copolymers are determined by the molar ratio
of monomers and the degree of incorporation of pyrroli-
done units into polymer matrix.
With the increasing amount of GMA in the polymeri-
zation mixture, decreases in the values of porous surface
area and pore volume were observed. At the same time, an
increase in the pore diameter changes was noticed. This
process can be explained on the basis of the compatibility
of the polymer network with the porogen expressed by the
solubility parameters (d). For the studied system, the sol-
ubility parameters are as follows: 18.20 (MPa)1/2 for
TRIM, 19.50 (MPa)1/2 for GMA, and 18.201/2 for toluene.
With the increase in GMA content in the poly(TRIM–
GMA) copolymers, the difference between the solubility
parameters of the polymer network and the porogen
increases, and the compatibility of the polymer network
with toluene decreases. This phenomenon pulls the trigger
earlier phase separation. As a result, large microglobules
and large pores are formed, and the porosity is lower
(Table 1).
The value of specific surface area decreases from
333 m2g-1 (TRIM–GMA1) to 86 m2g-1 (TRIM–GMA5).
Table 3 Parameters evaluated from TG and DTG curves of the











TRIM–GMA1 ? P 283 369 421 490 453
TRIM–GMA2 ? P 275 364 417 490 451
TRIM–GMA3 ? P 270 368 408 497 410
TRIM–GMA4 ? P 268 348 395 495 399
















Fig. 3 TG curves of parent
copolymers determined in
helium, 1 TRIM–GMA1,



















Fig. 4 The DTG curves of
parent copolymer determined in
helium, 1 TRIM–GMA1,





The same pattern is observed for the pore volume. The
increase in GMA amount in the copolymer network also
led to shifting the maximum of the PSD toward a larger
pore size.
Modification of the TRIM–GMA copolymers with pyr-
rolidone results in considerable decreases in the values of
specific surface area, pore volume, and pore diameter. This
process also considerably changes the thermal properties of
the new materials. Tables 2 and 3 contain parameters
evaluated from TG and DTG curves of the parent and
modified copolymers determined in helium (Figs. 3–6).
From these data, one can see that increasing the molar ratio
of GMA to TRIM from 1:1 to 5:1 slightly changes the
thermal resistance of the copolymers. The IDT decreases
from 219 C for TRIM–GMA1 to 203 C for TRIM–
GMA5. More spectacular differences can be seen while
comparing parent and modified copolymers. After
modification, the IDT temperature determined in helium is
about 60 C higher for the whole series of copolymers. The
differences are even more visible for T20% and T50% tem-
peratures. The analysis of DTG curves provides another

















Fig. 5 TG curves of modified
copolymers determined in
helium, 1 TRIM–GMA1 ? P,
2 TRIM–GMA2 ? P, 3 TRIM–
GMA3 ? P, 4 TRIM–





















Fig. 6 DTG curves of moified
copolymer determined in
helium, 1 TRIM–GMA1 ? P,
2 TRIM–GMA2 ? P, 3 TRIM–
GMA3 ? P, 4 TRIM–
GMA4 ? P, 5 TRIM–
GMA5 ? P
Table 4 Parameters evaluated from TG and DTG curves of the













TRIM–GMA1 232 268 344 570 244 358
TRIM–GMA2 230 249 324 560 245 352
TRIM–GMA3 225 241 303 560 244 350
TRIM–GMA4 226 244 301 560 243 350
TRIM–GMA5 225 242 293 560 240 344
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copolymers, two separate peaks are visible. The first
maximum can be attributed to the decomposition of epoxy
group and the second to the process of degradation ester
bounds. After the reaction of the epoxy ring with
pyrrolidone (P), the DTG curves show only one peak with
maximum from 453 C for TRIM–GMA1 ? P to 399 C
for TRIM–GMA4 ? P.The same pattern is observed in the
case of analysis conducted in air (Figs. 7–10). Along with
increasing the molar ratio of GMA to TRIM, the initial
decomposition temperature decreases from 232 C for
TRIM–GMA1 copolymer to 225 C for TRIM–GMA5
(Table 4). The decomposition process proceeded into two
steps (Fig. 7). The process of modification epoxy groups
with pyrrolidone enhances the thermal resistance of the
adsorbents. All of the modified copolymers indicate higher
IDT comparing with their initial counterparts (Table 5).
The differences in thermal behavior between parent and
functionalized copolymers were also noticed during DSC

















Fig. 7 TG curves of parent
copolymers determined in air,




Table 5 Parameters evaluated from TG and DTG curves of the











TRIM–GMA1 ? P 266 305 349 570 303
TRIM–GMA2 ? P 262 304 335 550 308
TRIM–GMA3 ? P 255 309 331 511 312
TRIM–GMA4 ? P 268 317 360 515 316

















Fig. 8 DTG curves of parent
copolymers determined in air,
1 TRIM–GMA1, 2 TRIM–
GMA2, 3 TRIM–GMA3,




















Fig. 9 TG curves of modified
copolymers determined in air,
1 TRIM–GMA1 ? P,
2 TRIM–GMA2 ? P, 3 TRIM–
GMA3 ? P, 4 TRIM–

















Fig. 10 DTG curves of
modified copolymer determined
in air, 1 TRIM–GMA1 ? P,
2 TRIM–GMA2 ? P, 3 TRIM–
GMA3 ? P, 4 TRIM–























Fig. 11 DSC curves of the
parent copolymers determined
in air, 1 TRIM–GMA1,
2 TRIM–GMA2, 3 TRIM–
GMA3, 4 TRIM–GMA4,
5 TRIM–GMA5
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Conclusions
Porous copolymers of glycidyl methacrylate cross-linked
with trimethylolpropane trimethacrylate were synthesized in
the form of microspheres. In the next step, the reactive epoxy
groups were modified by subsequent reaction with pyrroli-
done. This process led to significant changes in the textural
and thermal properties of the functionalized copolymers.
Modification of the TRIM–GMA copolymers with pyr-
rolidone results in considerable decreases in the values of
specific surface area, pore volume, and pore diameter. What
is interesting is that thermal stability of the polymer
increases with the introduction of the functional groups. The
course of TG, DTG, and DSC curves of parent copolymer is
at variance with the functionalized ones.
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